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Abstract—In this paper, we introduce the clock network design
challenge for sub-threshold(sub-V) circuits and summarize
several proposed clock network topologies for sub-Vy from
related work. Specifically, a review of clock network design
challenges and their manifestation in sub-V; is given. We
summarize the results of related work regarding a clock slew
control circuit technique, a proposed clock buffer for sub- V-, and
clock tree topology discussions for sub-Vy. We evaluate the
effectiveness of each methodology through metrics that
characterize clock distribution networks such as slew, skew, and
power consumption, and identify the scope and limitations of the
proposed solutions.

Index Terms— Clock distribution network, Robust design,
Sub-threshold circuits

I. INTRODUCTION

Sub—threshold(sub—VT) circuit operation has become
increasingly attractive for applications where energy is
constrained or low power consumption is the main focus. Such
applications include portable electronics and biomedical
sensor nodes[1]. Quadratic savings in dynamic energy and
power are achieved through supply voltage scaling, and thus
substantial power and energy may be saved by scaling to sub-
V7 voltages[2][3].

However, sub-V; operation poses problems to the clock
network design of digital circuits. Namely, due to transistor
delay’s exponential dependency on the value of the transistor
threshold voltage Vi, sub-Vr clock networks are sensitive to
process variations. Also, current and drive strength for clock
buffers are orders of magnitude lower than super-threshold
operation. These setbacks in sub-Vt in turn compromise the
robustness of sub-V+ clock networks, leading to problems such
as unacceptable levels of clock slew and skew. For example, it
has been stated in [4] that uncontrolled clock slew may cause
up to 90% deterministic fluctuation in timing parameters such
as setup time and hold time. To exacerbate the problem,
conventional super-threshold solutions to these problems, such
as excessive buffering in the clock distribution network to
control skew, are not suitable in sub-Vq(because the clock
buffers themselves exhibit exponentially varying delay). In
other cases, extra design efforts, such as gate upsizing or using
clock grids to increase the circuits’ robustness to process
variation and low drive, require great increases in power
consumption, undermining our purpose of low power. As the
clock network may consume 40% of the circuit’s total dynamic
power[5], clearly, designing a robust, low power clock
network is a vital task for sub-Vt circuits.

II.  BACKGROUND FOR CLOCK NETWORKS IN SUB-VT

A. Timing and Clock Networks

To understand the importance of a robust clock network for
digital circuits, we need only to observe the timing constraint
equations that apply to all logic paths.
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As can be seen, both skew and slew, which are
imperfections in the clock distribution network, have
implications on timing constraints. Specifically, the setup
constraint, or equation (1), becomes harder to meet in the
presence of negative skew and clock slew. Both t., and ty, are
functions of clock slew, and increase with increasing slew.
Similarly, equation (2), or the hold constraint, becomes harder
to meet with positive skew and large slew.
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B. Conventional Clock Network Design and Shortcomings
in Sub-threshold

The purpose of local clock distribution schemes is to deliver
a sharp clock signal(minimal slew) with as little phase
difference possible(minimal skew) to the registers in the circuit
design. A common topology used is the H-tree, where
numerous clock buffers are laid out so that the signals
produced by groups of clock buffers at the same distance from
the clock source (same ‘level’ of clock tree) ideally have
identical timing characteristics. A conceptual diagram of an H-
tree is given in Fig.. The key in this configuration is that the
clock buffers are sized and spaced so that not only do they
provide drive strength at the registers(slew control), the delay
through each path is equivalent(skew control).

However, this and many other conventional super-threshold
topologies fail to address issues arising from sub-threshold
operation that undermine the generation of a robust clock
signal. As can be seen from the current equation for a
transistor operating in sub-Vy, there is an exponential
dependency for the current, and thus the gate delay, on Vy,
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Thus, transistors are very much suspect to process
variations. The delay through different clock paths may vary
greatly, causing great amounts of skew, even if the paths were
balanced schematically. What’s more, typical sub-Vy current
levels are 10°x less than in super-threshold, meaning the clock
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buffers directly driving the registers have drastically slower
slew rates than their super-threshold counterparts that
compromise the timing robustness of the circuit.

Recognizing the insufficiencies of conventional clock
networks, we summarize different proposed approaches in the
following sections.
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Fig. 1. Conventional H-tree topology. Buffer at middle represents clock
source. Registers not shown at end of un-buffered lines.

I1l. ENERGY AND SLEW AWARE CLOCK DESIGN

In the work of [4], a clock network methodology is
proposed where the constraint on the load of the clock buffers
for each level of the tree are carefully analyzed to control slew
for sub-Vr circuits. As mentioned in Section Il, poor slew
leads to degradation to timing margins as it affects tc.q, ts, and
thota.

It was stated in [4] that slew variations can cause up to 90%
degradation in setup, clock-to-g, and hold time for a
conventional clock tree designed in super-threshold scaled to
operate in sub-Vt. The setup time deterministic variation as an
example is given in Fig. (a). A keen observation leads insight
into how slew can be controlled without sacrificing low power.
Depicted in Fig. (b), we notice that slew recovery is a strong
function of nodal load capacitance. Thus, the authors of [4]
proposed a dynamic nodal capacitance technique that puts
limits on the maximum capacitance Cyax a buffer can drive,
allowing larger slew at early levels of the clock tree but
stringent constraint on slew at levels near the registers. This is
in contrast to a conventional clock tree that has a fixed Cyax
constraint on all nodes.
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Fig. 2. [4](a) Deterministic setup time variations for a conventional clock tree
in sub-vt. (b) Output slew contours with regards to input slew and output
node load capacitance.
Since gate capacitance is one of the main contributors to

nodal capacitance, there is a tradeoff between slew control and
power consumption of the clock network. A loose Cyax
constraint on a buffer implies a buffer may have a higher fan-
out, requiring less buffers in the ensuing clock level, meaning
less power consumption but greater slew. A tightly constrained
Cwmax is vice versa. Therefore, this technique translates itself to

determining how much fan-out different buffers should be
allowed to drive, with looser Cyax near the clock source and
tight Cyax near the registers.

Optimal results in the sense where slew is controlled without
sacrificing low power(the designed clock tree consumes 3%
less power compared to the conventional base case tree) are
shown in Fig. 3(a). The technique is able to contain slew and
thus setup time design distribution, and is more robust to
process variations. It is also interesting to see that this
technique contributes to reducing skew as well. This is because
with looser Cyax at initial levels, there are fewer buffers in the
levels close to the clock source, meaning a smaller chance for
imbalanced paths. Clearly, this is an effective method in
controlling slew for sub-V+ clock networks.
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Fig. 3. [4]Results for slew control technique showing better (a) slew
distribution in design, improved (b) setup time distribution, and robustness to
(c) process variations. It is interesting to see that this technique indirectly
helps (d) clock skew as well.

IV. HIGH-SPEED VARIATION TOLERANT CLOCK BUFFER
DESIGN FOR SUB-THRESHOLD

As described, it is the imperfections in the clock buffers of
weak drive for sub-V; and subjectivity to process variation
that lead to poor clock networks. Therefore, another approach
is to re-design the clock buffer in a way tolerant to these
shortcomings. [6] looks into this approach, and a novel circuit
using capacitive boosting is proposed.

For brevity, its operation and design will not be described in
length, but in principle, by increasing the gate voltage of the
driving transistors in the buffer through capacitive boosting,
the transistors’ operating region is shifted into super-threshold.
This not only enhances performance with much smaller slew
rates, but super-threshold operation rids the transistors of
exponential effects of process variations. The concept of
boosting is shown in Fig. 4. This is attractive in sub-V; where
current is an exponential function of V. Using this clock
buffer, the clock tree designed exhibits 66% reduction in 3c
skew, and 2.5x faster slew rates. However, this circuit has
certain drawbacks. Specifically, it incurs a half cycle pre-
charge startup penalty and is not readily integrated into digital
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Fig. 4. [6]Conceptual diagram of capacitive boosting and current dependency
on gate voltage.

design flows. Leakage current is greatly increased and may
undermine our purposes of low power. In fact, it was stated in
[6] that it does not save power until frequencies of several
megahertz.

V. CLOCK NETWORK DESIGN FOR SUB-VT

Though the two previous works [4][6] focus on controlling
slew, skew has so far been overlooked and has only been
indirectly improved with the methods above. The authors of
[7] look to address this issue. Spawning from this aim, the
question of suitable design of the clock network for sub-V+
circuits is discussed, and the conventional need for a buffered
H-tree is scrutinized in this work.

The reason buffered trees are re-looked is because a
characteristic for sub-V: circuits is that the interconnect
resistance and thus delay is negligible when compared to gate
delay. Interconnect load is also much more robust to process
variation. Thus, with these characteristics in mind, the authors
of [7] proposed and compared an un-buffered H-tree, depicted
in Fig. 5, where all registers are driven by a centralized large
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Fia. 5. [71Un-buffered clock H-tree. ]
buffer. The idea is that interconnect provides path delay

balance better than buffers due to the robustness to process
variation. At the same nominal skew constraint, un-buffered
trees exhibit an energy penalty(Fig. 6(a)), but when process
variation is observed, un-buffered trees have a 4 order-of-
magnitude advantage over buffered trees(Fig. 6(b)). Using
such a method, the authors designed a clock tree for a version
of the MSP 430 micro-controller. Chip measurements show a
skew improvement of 36x over the base case(buffered clock

tree) considering process variation. This leads us to believe
that clock tree design methodology should be radically
different in sub-Vr.
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Fig. 6. [7](a) Energy penalty using centralized buffer for the same skew
constraint. (b) Un-buffered trees exhibit 4 orders of magnitude skew
robustness to process variation.

VI. CONCLUSION

The problem of clock network design in the sub-threshold
regime has been introduced, and several proposed solutions
have been presented. A breadth-wise observation from these
different solutions tells us that a method will exhibit several
tradeoffs, and that not all metrics such as power, slew, and
skew will be optimal. Therefore, the notion that a universal
solution is not imminent should be kept in mind.
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